A comprehensive blast densification field study was conducted at a test site in South Carolina to densify a loose soil layer at a depth between z =8-13 m. The study included extensive laboratory and field characterizations and four carefully monitored blast events. Results revealed that densification is not an instantaneous phenomenon; underlying time-dependent processes involve resedimentation, drainage of excess pore pressure as the granular skeleton deforms and the effective stress recovers, and secondary settlement effects, which do not involve excess pore pressure dissipation. The degree of densification decreased in successive blasting events, and the soil gradually evolved toward an asymptotical terminal density associated with blast densification. The blasting sequence and detonation delays appeared to have a minor effect on shear-induced movements. The increase in penetration resistance manifested 2 years after four blasting-drainage events. Instead, surface settlement using standard surveying techniques, subsurface deformation assessment, and subsurface pore fluid pressure monitoring provided valuable, real-time indicators of the soil response to the blasting events.
Introduction
Blast densification, also known as explosive densification, explosive compaction, or deep blasting, has been used to densify loose, saturated, sandy soils since the middle 1930s ͑Gnadhi et al. 1999; Hall 1962; La Fosse 2002; Prugh 1963; Raju and Gudehus 1994; Solymar 1984; Wild 1961͒ . Blasting does not require special construction machinery, and previous case histories show its effectiveness for deep compaction of uncemented granular deposits over large areas. Applications involve dam sites in Canada, India, Nigeria, Pakistan, and the U. S. ͑Hall 1962; Lyman 1942; Solymar 1984͒ , transmission towers ͑Wild 1961͒, thermal power plants ͑Gnadhi et al. 1999͒, airport-related projects ͑Fordham et al. 1991 La Fosse 2002͒ , mines ͑Raju and Gudehus 1994͒, offshore platforms and man-made islands ͑Jefferies and Rogers 1993; Rogers et al. 1990͒ , as well as liquefaction and earthquake experiments ͑Al- Qasimi et al. 2005; Ashford et al. 2004; Byrne et al. 2000; Robertson et al. 2000͒. Typically, blast densification is used when the relative density is less than D R ഛ 50-60%. Best results are obtained in saturated soils that are free draining. Clay content must be less than 5-10% and silt content less than 70-80% to facilitate destructuring the soil fabric and subsequent drainage ͑Hachey et al. 1994; Narin van Court and Mitchell 1994͒ .
The large energy release from the blasting creates a radial shock wave that causes initial compression in the soil mass, immediately followed by the rarefaction wave front ͑Charlie et al. 1985; Dowding and Hryciw 1986; Narin van Court and Mitchell 1998͒ . The repetition of compression and extension cycles, the emergence of shear due to mode conversion at free boundaries and at interfaces in heterogeneous soil masses, and shear flow in the sediment associated with gas expansion and escape cause the increase in pore water pressure, which typically reaches the overburden pressure, i.e., a zero effective stress state. Particles resediment, a new granular skeleton is formed, and further compression takes place as the effective stress is regained ͑Mitchell 1981; Narin van Court 1997͒. Densification is expected in initially loose sandy deposits. In particular, good to very good densification is attained when q t Ͻ 10 MPa, fair to good densification is achieved when q t Ͻ 15 MPa, and soils with CPT tip resistance q t Ͼ 20 MPa tend to loosen during blasting ͑Narin van Court 2003͒. Settlement takes place soon after blasting and it can reach 2-10% of the treated layer thickness. The penetration resistance increases in most cases, sometimes by 50-200%; however, no increase in penetration resistance may be observed for weeks or even months after blasting ͑Ivanov 1983; Narin van Court and Mitchell 1998͒. Design criteria for blast densification projects have developed primarily from experience rather than from theoretical analyses. The main design variables include: ͑1͒ mass or weight of explosives per m 3 of sediment; ͑2͒ charge distribution, i.e., spacing and pattern of boreholes, depth of explosives, and vertical distribution of charges within boreholes; ͑3͒ number of events; ͑4͒ blasting sequence; and ͑5͒ delay time. Semiempirical guidelines are summarized in Table 1 .
While large charges affect a large volume, they do not necessarily increase densification ͑obviously, charges should not be too large to cause surface blow up͒; instead, sequential detonationand-drainage cycles of more closely spaced small charges can be more effective ͑Terzaghi et al. 1996͒. Furthermore, there is some evidence that densification may be increased when a second set of charges is detonated in a previously blasted sediment while the pore water pressure is still elevated ͑Ivanov 1983; Minaev 1993͒; in this case, the initially low shear resistance facilitates vibrationinduced compaction.
The upper 1 -3 m thick soil layer may be loosened because of the upward seepage forces of the escaping fluids and blastinduced deformations. Furthermore, sand boils spread a loose layer of fine sand and silt across the surface. Therefore, the upper layers may require postblasting compaction. Alternatively, a temporary 3 m thick layer of gravel can be placed on the surface to mitigate these near-surface effects ͑Narin van Court 2003͒. In this manuscript, we document a blast densification case history that involved extensive laboratory and field characterization, and four carefully monitored blasting events. Data, analyses, and lessons learned follow. The complete study can be found in Narsilio ͑2006͒.
Test Site Description-Soil Properties
The test site is located in South Carolina. The formation consists of a relatively new deposit on the coastal geological province ͑pleistocene-quaternary͒. There are six distinguishable layers ͑Fig. 1͒: unsaturated near-surface sands ͑z =0 to z Х 0.6 m below ground surface͒; sand layers with some silt and clay ͑z = 0.6 m to z Х 4.0-6.0 m͒; fine and clean white sand ͑z Х 4.0-6.0 to 7.3-7.5 m͒; loose, very fine "black sand" on top of a thin denser fine sand and silty clay horizon ͑z Х 7.5 m to z Х 10.7-13.0 m͒; and a greenish/olive-gray fossiliferous marl layer ͑z Ͼ ϳ 13.0 m͒. The water table is at z w = 0.8-1.5 m below the surface.
A comprehensive laboratory and field characterization program was implemented to evaluate all layers, with emphasis on the loose fine sands encountered between the nominal depths z =8-13 m throughout the site. The study encompassed index properties, hydraulic conductivity, consolidation, small strain stiffness, strength, and geophysical properties. Results are summarized in Tables 2 and 3. The blast densification program was targeted to the loose sandy layer between z =8-13 m. An initial 18.3 m ϫ 18.3 m area was selected for this purpose ͑Fig. 2-dashed lines͒. The blast design was based on guidelines listed in Table 1 . Four blasting events were implemented in a period of more than 8 months.
They involved individual explosive charges ranging from 11 to 34 kg placed at z = 10 m in a square grid pattern with a fixed spacing of approximately 9 m. Fig. 2 shows the aerial distribution of charges for the four blasting events ͑relevant details are included in Table 4͒ . Note that while delay times were 10 and 50 ms in the first and second blasting events, a delay of 10 min was used in the third and fourth blasting events to test the advantages of vibrating soil with already high pore pressure, i.e., by initiating the next detonation before the high excess pore pressures have dissipated.
Explosives were installed in predrilled and PVC-encased boreholes ͓Fig. 3͑a͔͒. The explosive ͑Hydromite 860-powder factor 0.067 lb/ yard 3 or 39.7 grams/ m 3 ͒ was lowered to the desired "central" depth ͑z = 10 m; the charge varied from 0.8 to almost 2.3 m long͒. The rest of the borehole was then back-filled with gravel.
Field Measurements
A thorough monitoring program was implemented to gain extensive information before, during, and after each of the four blast events. The monitoring program included: ͑1͒ ground surface settlement using standard surveying equipment; ͑2͒ subsurface settlements using three Sondex systems S1, S2, and S3 ͑Fig. 2͒; ͑3͒ vibration assessment using surface geophones and a 12 channel seismograph; ͑4͒ CPTu penetration studies; ͑5͒ ground penetrating radar GPR; and ͑6͒ pore-water pressure using two vibrating wire piezometers P1 and P2 ͑Fig. 2͒. The following section presents representative results and summarizes the most important observations.
Surface Settlement
Standard topographic surveys were conducted before, during, and after each of the blasting events. The evolution of cumulative surface settlement in time along the N-S center line is shown in Fig. 4 . The four thicker lines show the maximum recorded settlement a month or more after each blast event. The vertical lines indicate the position of the outside rows of explosives in each event ͑refer to Fig. 2͒ .
The affected surface extended a distance similar to the blasting depth outside the blasting zone in each direction. A detailed analysis of the complete survey data reveals that the surface settlements exhibit some correlation to the location of explosives. For example, the settlement after the second blast was quite uniform in agreement with the uniform spatial distribution of charges; however, the settlement after the third and fourth blasts was more pronounced where there was a denser spatial configuration of explosives.
The incremental surface settlement decreased after each consecutive blast, from 0.16 m for the first event, ϳ0.12 m for the second and third events, and 0.09 m after the fourth event ͓data shown in Fig. 5͑a͔͒ . Some settlement was still observed 10 h after blasting. The evolution of cumulative surface settlement with time at the center and at a border of the 18.3ϫ 18.3 m test area is summarized in Fig. 5͑b͒ .
Water out of Boreholes
Fluids flowed from the top of the most recently installed blast pipes after each blast event ͑visual observation͒. Gas came out first, immediately after the blast; water flow started a few seconds later. The duration of water flow decreased with subsequent blast events: it lasted 12 h after the first blast, 4 h after the second blast, about 10 min after the third blast, and 5 min after the fourth blast. Settlement-time data and the duration of water flow point to the causal link between excess pore water pressure dissipation, settlement, and densification, which will be discussed later in the text.
Subsurface Settlement
Subsurface settlements were monitored using a corrugated pipe with periodic metallic sensing rings. The installation of the corrugated pipe in the bentonite-stabilized boreholes required pushing down against a bottom plate fixed to the end of the corrugated pipe ͑note: this procedure caused the extension of the pipe and might have led to locked-in tension, which could be released during liquefaction͒. Fig. 3͑b͒ shows a schematic diagram of the installed system. Vertical deformation was measured by detecting the location of rings with a probe that is lowered into the hole.
Subsurface settlement measurements were taken at three locations ͑Fig. 2͒: outside the test area defined by the perimeter of charges S1 yet within the area of influence, at the center of the test site S2, and on the perimeter S3. Typical settlement-versusinitial depth profiles measured at different times are shown in Fig.  6 . Most of the vertical deformation accumulated in the lower loose layer ͑z =8-13 m͒, while the upper layers ͑z Յ 7m͒ behaved as a rigid block, i.e., ring vertical displacements and subsurface settlements were almost constant for the first ϳ6-7 m. Negative settlements near the bottom may be due to heave associated with the impact of the blast front on the corrugated pipe and/or the release of tension locked in during the installation. Fig.  7 shows the cumulative contraction of the upper layer between ring #1 ͑initial depth ϳ1 m͒ and ring #7 ͑initial depth ϳ7 m͒, and the loose layer between ring #8 ͑initial depth ϳ8 m͒ and ring #15 ͑initial depth ϳ13 m; listed ring numbers correspond to subsurface settlement unit S3͒; results are shown for the three locations of the Sondex probes: outside S1, at the border of S3, and at the center of S2 of the test area. Fig. 7͑b͒ and 5͑b͒ show the same settlement trends and magnitudes; this confirms that most of the surface settlement ͓Fig. 5͑b͔͒ is due to the contraction of the loose layer ͑Fig. 7͒.
Vibration Assessment
The vibrations caused by the explosions were measured using 3D geophones at four stations along the N-S centerline at 9, 12, 15, and 18 m away from the edge of the blast zone. Fig. 8 shows typical signatures gathered during the second blast event; the vertical motion has been low-pass filtered to recover unsaturated low frequency components and normalized to the maximum measured vertical amplitude. Most of the motion took place in the vertical z direction. The front traveled with a velocity of ϳ1 , 500 m / s, Particle shape ͑soil retained on sieve #100͒ Sphericity S = 0.60 ͑average of all samples͒ Roundness R = 0.15 ͑average of all samples͒ Note: "Field condition" refers to disturbed specimens obtained from split barrels samplers; "washed" indicates specimens whose fines have been washed out. The initial void ratios are estimated from water content assuming complete saturation.
which is compatible with the P-wave velocity for a saturated soil. Surface vibrations continued for about 0.5 sec after blasting.
Detonation delays can be identified in the seismic signatures, as shown in Fig. 9 ͑note: the particle motion shown in this figure takes place in the y-direction, which is parallel to the direction of energy radiation; the time scale in Fig. 9 is expanded compared to Fig. 8͒ . Therefore, vibration monitoring can be used to verify the implementation of time delays required as part of the blasting program: the observed time delays closely matched the 50 ms delay specified for this event ͑Table 4͒. Note that delays observed in vibration record must be corrected for the relative position of the sensors with respect to each detonation.
Penetration Tests
A very extensive cone penetration testing ͑CPTu͒ program was implemented to assess the consequences of blast densification on penetration parameters, corrected tip cone resistance q t , sleeve friction f s , and pore water pressure u. Penetration tests were repeated throughout the test area and peripheral zones before the blasting events, as well as 19, 37, 301, 742, and 1,292 days after the first blasting event. Fig. 10 shows profiles of corrected tip resistance q t determined within the test site ͑see Fig. 2͒ , where the corrected tip resistance q t = q c + ͑1−a n ͒u b is computed from the measured tip cone resistance q c taking into consideration the shoulder pore-water pressure u b through the net area ratio a n obtained from triaxial calibration ͑as per ASTM D 5778͒. All penetration studies showed similar results ͑Fig. 10͒: there was very limited improvement-even weakening-in penetration parameters during the first year after the blasting program started; clear improvement in penetration resistance is detected 1,292 days after the first blasting, that is 1,034 days after the fourth and last blasting event.
Ground Penetration Radar Images
Laboratory measurements of electrical conductivity showed that the skin depth for ground penetration radar ͑GPR͒ was shorter than the depth of the loose sand layer ͑data in Table 2 -skin depth is the distance over which the electromagnetic signal decays by 1 / e of its original value at the surface͒. Therefore, we deployed GPR in the field to assess the effect of blasting on the overlaying layers rather than to monitor the evolution of the blasted layer ͓as in Kayen et al. ͑2005͔͒. Fig. 11 shows typical GPR profiles along the N-S centerline of the test site ͑a͒ before and ͑b͒ 20 h after a single blast event. Signals are time enhanced to compensate for spherical spreading and ohmic losses. The last measurable reflector at around 200 ns corresponds to the top of the loose layer ͑corroborated using common midpoint measurements not shown here͒. While there are some minor differences among the two profiles, the general trend indicates that reflectors occur at the same times in records obtained before and after blasting; therefore, these results suggest no change in volumetric water content and confirm that sediments in the upper ϳ7 m settled as a rigid body in agreement with subsurface settlement data ͑Figs. 6 and 7͒.
Pore-Water Pressure
Two vibrating wire piezometers were installed, one at the boundary of the test area defined by the perimeter of charges ͑P1, z = 10.5 m͒ and the other, at the center ͑P2, z = 11.5 m- Fig. 2͒ . The piezometers were placed inside encased boreholes ͑ID= 25 mm, PVC pipe slotted in the bottom 1 m͒, which were back-filled and sealed with subsequent layers of medium sand and bentonite to ensure that pressure readings correspond to the pore pressure at the installation depths. The pore pressure was measured every 2 sec during the first hour after blasting and every 2 min thereafter ͑minilogger by Slope Indicator͒. Data for the three detonations during the fourth blast event are plotted in Fig. 12 ͑this event involved relatively small charges M = 11 kg- Table 4͒ . The pore pressure for full liquefaction u L shown in the figure is equivalent to the total vertical stress, which is calculated using the total unit weight profile. The piezometer data show that a zero effective stress condition was attained at the center of the test site ͑P2͒ during the second detonation of the long-delayed sequence imposed in this event.
Analyses and Discussion

Settlement and Volumetric Strain
The total settlement after the four blast events was S Х 0.50 m, and corresponds to an average volumetric strain of v Х 12% in the lower layer, i.e., about 3% per blasting event ͑for this analysis, the lower layer between z =8-13 m is considered, in agreement with GPR and subsurface settlement measurements shown in Figs. 6, 7, and 11͒ . Estimated values for the initial in situ void ratio range between: ͑a͒ e 0 Х 0.97 obtained as e = e max − D R ͑e max − e min ͒ for a relative density D R Х 12% inferred from the corrected tip cone resistance q t -see Fig. 1 and Table 3 , and ͑b͒ e 0 Х 0.84 computed from water content measurements ͑Table 2͒. The de- Hydromite 860/ 10 m 10 min between rows a A single charge is detonated first due to detonation failure of one of the charges during the first event. Fig. 2 . Site geometry; location of the explosives ͑four events͒, piezometers ͑P1 and P2͒, and subsurface settlement systems ͑S1, S2 and S3͒; the explosives are buried ϳ10.0 m in depth; the shaded zone indicates the locations of CPT soundings reported in Fig. 10 ; a single charge is detonated first due to detonation failure of one of the charges during the first event Fig. 3 . ͑a͒ Details of explosive installation; ͑b͒ subsurface settlement; measurement of vertical strain with depth ͑Sondex system͒ crease in void ratio then is ⌬e = v ͑1+e 0 ͒ = 0.22-0.24. This reduction in void ratio should bring the final soil void ratio into the dilative region, e f Х 0.62-0.73 ͑the estimated critical state void ratio is e cs Х 0.85 at 10 m depth͒, and significantly lowers the consequences of a potential seismic event. Despite the uncertainty involved in the estimation of the initial in situ void ratio and critical state parameters ͑Tables 2 and 3͒, it is safe to conclude that the densified sand layer will exhibit a higher liquefaction resistance.
The surface settlement measured in this study extended beyond the blasting area by approximately the blasting depth in each direction ͑Fig. 4͒. This observation is expected to depend on the upper layer thickness and stiffness. The comprehensive analysis of the 2D settlement data for all blast events suggest that the maximum recorded settlements after blasting were near the location of the explosives, a more uniform spatial explosive distribution caused a more uniform surface settlement, and larger settlements were measured above regions with a denser spatial configuration of explosives. Fig. 6͒ ; the data reflect the shortening of the distance between ͑a͒ rings #1 and #7 for the upper layers; ͑b͒ rings #8 and #15 for the lower layer
Vibration Analysis
Vibration data were analyzed using hodographs to investigate the extent of induced shear effects due to imposed detonation delays and sequences ͑hodographs are plots of particle motions in different directions: u y -vs-u z , u x -vs-u z , and u x -vs-u z -these plots are not shown here͒. The hodographs for a given blast event were similar at the four 3D surface geophone stations. The blasting sequence and delays enhanced the induced soil shearing ͑trans-verse shear in the direction of the detonation sequence͒ during the initial few milliseconds only.
While blasts generate an initial spherical wave, the detected motion away from the site had a very small normal component ͑quasi-y-direction- Fig. 8͒ . The transverse x-motion was most pronounced in the near field, and it was purposely caused by the imposed delay and blasting sequence that advanced in x for the event shown in Fig. 8 . The interaction between the blast dynamics and the free surface led to energy radiation away from the source primary in the form of a surface wave, as manifested by a strong z-motion in all sensors ͑Fig. 8͒.
The ratio of vertical-to-horizontal particle motion is u z / u y ϳ 0.5; for comparison, the theoretical ratio in surface waves measured in the far field of sources is 0.6 for a Poisson's ratio of 0.25 ͑Richart et al., 1970͒. Albeit limited by partial saturation in recorded vertical motions, this result suggests that most of the energy was radiated along the surface in the form of R-waves even at relatively short distances from the source.
The benefits of time delays in promoting long-lasting vibration were readily noted in this study. While the sequential detonation of charges with well controlled delays could enhance the transverse movement of the upper layer and cause additional shear, the possibility of engineering the blasting sequence to enhance shear requires further numerical and field investigation. Indeed, nonlinear effects and complex vibration modes hamper simple analyses. For example, we estimated the 50 ms time delay to trigger resonance and to maximize vibration in this field study, however, records in Fig. 8 show that the fourth detonation at around 0.22 s caused destructive rather than constructive interference.
Penetration Resistance
CPT soundings showed no evidence of soil improvement in the short term, even though the blasting program lasted 8 months, involved four blast events, caused more than 0.5 m settlement, and an estimated reduction in void ratio of ⌬e ϳ 0.23. The increase in corrected tip cone resistance was finally detected more than a year after the completion of the fourth and last blast event. This is not a unique case, in fact, several blasting studies reported in the literature show that several months passed before the tip resistance reached pre-blast values ͑Charlie et al. 1992; Jefferies and Rogers 1993; Mitchell and Gallagher 1998͒ . The recent review of sand aging by Mitchell ͑2008͒ provides further insight into the complexity of underlying phenomena responsible for this response ͑Mitchell, 2008͒.
Another coexisting effect is the limited sensitivity of CPT to relative density in loose sediments. This is inherently captured in the following parabolic expression that predicts relative density D R ͑%͒ from the cone tip resistance q t ͑kPa͒ normalized by the in situ effective vertical stress v0 Ј ͑kPa͒ ͑Kulhawy and Mayne 1990͒:
͑1͒
Based on this expression, the gathered penetration data would indicate that the initial in situ relative density for the loose sandy layer was D R = 20-30% before blasting and increased to D R Ϸ 40% after 742 days from the first event, i.e., 484 days after the last and fourth blasting event ͑Fig. 10͒. However, robust subsurface and surface settlement measurements gathered at the same times suggest a change in void ratio ⌬e ϳ 0.23, which would have brought the in situ relative density to D R = 60-70%. 9 . Identification of the four detonations during the second blast event ͑normalized particle motion in the y-direction is shown͒; the designed time delay between detonations was 50 ms Fig. 10 . Evolution of the CPT tip resistance q t over time between depths 7 and 13 m; the q t profile gathered before blasting is shown as a thin line in all panes for reference ͑initial͒; the other profiles shown as thick lines correspond to: ͑a͒ 19 days after the first blast event; ͑b͒ 5 days after the second blast event; ͑c͒ 43 days after the fourth blast event; and ͑d͒ 484 days ͑thick line͒ and 1,034 days after ͑thicker line͒ the fourth blasting; all soundings are closely located within the test site-zone shown in Fig. 2 ͑data gathered by G. Hebeler, T. Hebeler, and R. Kulasingam͒ 
Terminal Density
Field data showed a decrease in the incremental surface settlement after each consecutive blast ͓0.16 m for the first event, ϳ0.12 m for the second and third events, and 0.09 m after the fourth event- Fig. 5͑a͔͒ , and in the amount of water that escaped through borings after each blast event. These results are compatible with the concept of "terminal density" which states that every given soil eventually reaches a unique terminal density and internal fabric when subjected to repetitive events ͑Narsilio and Santamarina 2008͒.
Rate of Settlement-Pore Pressure Dissipation
The time varying settlement and excess pore pressure dissipation are plotted in Fig. 13 for the central and peripheral locations of the test site in the field: the excess pore pressure decreased by 90% in 24 h, and approximately 86% of the total settlement took place in the same period of time. Yet, settlement and pore pressure dissipation curves do not follow identical patterns: there was a steep early settlement even at relatively constant excess pore pressure ͓Fig. 13͑b͔͒, and some settlement continued long after the excess pore pressure has dissipated ͑Figs. 4, 5, and 7͒. These data allow us to hypothesize the following sequence of events ͓refer to Lee and Santamarina ͑2007͒ for related studies͔: early drainage of water and gas, resedimentation and formation of a bottom-up densification front ͑noted in CPT data in Fig. 10͒ , drainage of excess pore pressure as the skeleton deforms with the increase in effective stress ͑i.e., consolidation͒, and secondary settlement effects. The duration of the liquefied state and drainage are related to the time scale for resedimentation and excess pore-water pressure dissipation after blasting. The time scale for resedimentation and early fluid flow are estimated as follows: assuming that all the settlement S is concentrated in the lower layer, and that onedimensional drainage takes place through the upper layer with hydraulic conductivity k, then the time scale for excess pore pressure dissipation is in the order of t Ϸ S / k. Despite the limitations of this simple model, measured and predicted values are in the same order of magnitude of hours to days ͑using the range in hydraulic conductivity listed in Table 3͒ . A more refined analysis should take into consideration the effectively higher hydraulic conductivity of the upper layer in successive blast events as the number of perforations increases. Thus, the site time scale decreases as the number of blasting events and boreholes increase.
Summary and Conclusions
A blast densification field experiment was conducted involving four blasting events at the same site in a period of 8 months. This case history involved extensive laboratory studies, field characterization, and detailed field monitoring. The main observations related to the process of blast densification follow:
• The amount of settlement decreased as the number of blasting events increased, asymptotically approaching the "terminal density" that corresponds to the imposed blast densification event; many blasting-drainage events may be required to attain the terminal density for this process.
• Blasting may be designed to restrict its impact to layers of interest. Surface settlement extends beyond the blasted area by about the blasting depth in each direction in this case study. The thickness and stiffness of the upper layer will change the area of influence.
• The blasting sequence had a relatively small effect on shear induced movements and the settlement that followed. This observation is based on surface vibrations during blasting and postblasting subsurface settlements; further studies are required.
• Detonation delays extended the duration of imposed motion. It was very difficult to estimate optimal time delays, in part due to the complex induced deformation modes and the nonlinear evolution of the formation during the blasting sequence. Both constructive or destructive interferences develop in the field.
• Blast-induced densification is not an instantaneous phenomenon. Data and analyses indicate that the duration of settlement is related to the time scale for early drainage of fluids, resedimentation, drainage of excess pore pressure as the skeleton deforms with the increase in effective stress, and secondary settlement effects, which do not involve excess pore pressure dissipation.
• Penetration testing may fail to exhibit ground improvement following blast densification in sands that are initially very loose, or when the needed aging time exceeds the allocated construction time. In this field study, a clear increase in tip resistance was detected 2 years after the last of four blastingdrainage events.
• Surface settlement using standard surveying techniques, sub- surface deformation assessment, and subsurface pore fluid pressure monitoring provide valuable, real-time indicators of the soil response to the blasting events, enhance the understanding of blast densification, and can be used for blast design optimization, i.e., charge size, spacing, detonation delays. Additional observations related to monitoring and quality control follow:
• GPR and subsurface deformation data provided complementary information in this study. Both measurements confirmed the limited strains that developed in the upper soil layers. GPR penetration depth may limit its applicability to deep blasting, or in high conductivity surface layers such as in this study ͑clayey soils or salt water͒. Preblast laboratory measurements of soil electrical conductivity can be used to estimate GPR penetration depths.
• Vibration monitoring can be used to assess the implementation of delays, the generated vibration modes and shear motion, the development of constructive/destructive interferences due to time delays, propagation velocity in the far field, the attenuation of "source vibration," and the level of vibrations in relation to potential damage to neighboring structures.
